Measured distortions of the Mn-O bond length distribution from x-ray-absorption fine-structure measurements are found to relate linearly to the doped hole concentration x at room temperature in La 12x Ca x MnO 3 . Comparison of the distortions above and below T c for colossal magnetoresistor (CMR) samples gives an estimate of the number of delocalized holes n dh , and we find that ln͑n dh ͒~M (magnetization). These results are complementary to resistance measurements that show that ln͑r͒~2M. We have thus established the functional relationship between the electronic, spin, and lattice degrees of freedom in the CMR perovskites. [S0031-9007(97) . The basic mechanism of electronic transport has long been thought to be the double exchange (DE) mechanism [3] . Recent re-examinations of the MR in these materials have dubbed the effect as "colossal" magnetoresistance [4], or CMR, because of the enhancements of the effect that can be obtained by using thin films or varying the stoichiometry [5] . The understanding of the transport in these materials was advanced when Millis et al. pointed out that the MR expected from the DE model is much smaller than is actually measured [6] . This discrepancy can be explained by including a large lattice distortion above T c , which is at least partially removed below T c [7] . Indeed, there is a growing body of literature supporting this view. Evidence supporting polaronic transport above T c includes resistivity [8] and thermoelectric power [9] measurements. A large isotope shift of T c ͑ϳ20 K͒ with O 18 substitution [10] indicates a strong spin-lattice coupling. Perhaps the most convincing studies showing a connection between the electronic properties and the lattice are the local-structure measurements of the Mn-O bond length distribution [11] [12] [13] [14] . These studies show that the Mn-O environment is distorted above T c by an amount roughly consistent with the Jahn-Teller (JT) distortion of the MnO 6 octahedra in LaMnO 3 , and that this distortion is at least partially removed in the FM state.
The La 12x A x MnO 3 series (where A is a divalent metal such as Ca, Sr, Ba, or Pb) demonstrates many interesting electronic, magnetic, and structural properties. In particular, samples with A Ca and 0.2 & x & 0.48 [1] have coincident metal-insulator and paramagnetic (PM) to ferromagnetic (FM) transitions. Samples with other values of x are insulators regardless of the magnetic state. A large peak in the magnetoresistance (MR) was first measured in La 0.8 Sr 0.2 MnO 3 near room temperature by Volger [2] . The basic mechanism of electronic transport has long been thought to be the double exchange (DE) mechanism [3] . Recent re-examinations of the MR in these materials have dubbed the effect as "colossal" magnetoresistance [4] , or CMR, because of the enhancements of the effect that can be obtained by using thin films or varying the stoichiometry [5] . The understanding of the transport in these materials was advanced when Millis et al. pointed out that the MR expected from the DE model is much smaller than is actually measured [6] . This discrepancy can be explained by including a large lattice distortion above T c , which is at least partially removed below T c [7] . Indeed, there is a growing body of literature supporting this view. Evidence supporting polaronic transport above T c includes resistivity [8] and thermoelectric power [9] measurements. A large isotope shift of T c ͑ϳ20 K͒ with O 18 substitution [10] indicates a strong spin-lattice coupling. Perhaps the most convincing studies showing a connection between the electronic properties and the lattice are the local-structure measurements of the Mn-O bond length distribution [11] [12] [13] [14] . These studies show that the Mn-O environment is distorted above T c by an amount roughly consistent with the Jahn-Teller (JT) distortion of the MnO 6 octahedra in LaMnO 3 , and that this distortion is at least partially removed in the FM state.
Obtaining quantitative relations between the electrical, magnetic, and structural properties is an important step towards understanding the physics of the CMR materials. For instance, Hundley et al. [8] have shown that the resistance and the magnetism relate simply by ln͑r͒~2M.
A relation involving the lattice has not previously been reported. Since the magnetization is directly coupled to the conduction and the magnitude of the JT distortions, the size of the distortions should be an intrinsic function of the magnetization. Likewise, since these hopping charges are the charge carriers, the distortions, magnetization and resistivity should all be directly related. As shown in Ref. [13] , the temperature dependence of the disorder of the MnO 6 octahedra in the metallic state is probably a function of the magnetism, rather than normal thermal (Debye) behavior.
In this Letter, we present x-ray-absorption fine-structure (XAFS) data that directly relate the structural distortions to the magnetization of the CMR perovskites. A simple model is presented relating the magnitude of the distortions to the localized hole concentration above T c . By extending these results below T c , we can measure the number of holes that become delocalized charge carriers. This structural measurement of the delocalized hole concentration is found to relate exponentially to the magnetization, in agreement with the transport measurements which find a related dependence of the resistivity.
Powder samples of La 12x Ca x MnO 3 were prepared by solid state reaction of La 2 O 3 , CaCO 3 , and MnO 2 with repeated grindings and firings at temperatures up to 1400 ± C , with a final slow cool at 1 ± C per min. The dc magnetization was measured using a commercial SQUID magnetometer. Figure 1(a) shows the magnetization for the CMR samples. T c 's for x 0.21, 0.25, 0.30 are estimated to be 208 6 5, 240 6 5, and 260 6 5 K, respectively, by extrapolation of M at maximum slope.
All XAFS data were collected at the Stanford Synchrotron Radiation Laboratory (SSRL). Mn K edge data were collected in transmission mode on beam line 2-3 using Si(220) double monochromator crystals. The powders were reground, passed through a 400-mesh sieve, and brushed onto scotch tape. Layers of tape were stacked to obtain absorption lengths such that m Mn t ϳ 1 for each sample. Generally, three scans were collected at each temperature for each sample, although occasionally only two were collected. Absorption from other excitations (pre-edge absorption) was removed by fitting the data to a Victoreen formula, and a simple spline was used to simulate the embedded-atom absorption m 0 . The XAFS oscillations x were then obtained as a function of photoelectron wave vector k p 2m e ͑E 2 E 0 ͒͞h 2 from x͑k͒ m͞m 0 2 1. The kx͑k͒ data were Fourier transformed (FT) (r space), and fit to suitably transformed standard functions calculated using the FEFF6 code [15] . All fits use an S 2 0 0.72, obtained from fits to the CaMnO 3 data, assuming six Mn-O bonds of equal length. S 2 0 accounts for scattering processes other than a single photoelectron excitation, and sets the overall scale for measurements of the bond length distribution widths described below. Further details of the methods used to reduce and fit the data can be found in Ref. [16] .
Figure 1(b) shows the Fourier transform (FT) of kx͑k͒ vs r for the La 0.75 Ca 0.25 MnO 3 sample. In XAFS measurements, the peaks in the amplitude of the FT are phase shifted to lower r due to scattering of the photoelectron by the absorbing and neighboring atoms. The first peak in the amplitude at ϳ1.5 Å in Fig. 1(b) contains contributions from several Mn-O bond lengths. For instance, in LaMnO 3 , the Mn-O pairs in the MnO 6 octahedra include two at ϳ1.91 Å, two at ϳ1.97 Å, and two at ϳ2. 15 Å [17] . This distortion is due to the Jahn-Teller effect. In CaMnO 3 , the Mn 41 ions are not Jahn-Teller active, and therefore all six Mn-O bonds are ϳ1.89 Å long [18] . The peaks at larger r contain information about more distant neighbors to the Mn and will be discussed elsewhere [19] .
As the temperature is lowered below T c , the amplitude of the Mn-O peak grows by ϳ40% [ Fig. 1(b) ], corresponding to a narrower Mn-O bond length distribution. Most of this growth cannot be explained by thermal, Debye narrowing of this distribution [13] . Figure 2 we will explore in a future paper [19] . Below, we present a relation between the polaron distortion and M that better illustrates the possible physics. Figure 3(a) shows the amplitude of the Mn-O peak of the FT at T 300 K versus the calcium concentration x. The amplitudes are described well by a linear interpolation of the amplitudes of the end members. This linear relationship is consistent with a model whereby a JT distortion occurs around each Mn 31 ion in the doped materials, but not around each Mn 41 ion. Of course, intermediate distortions around each ion are also possible. In any case, the amplitude of the Mn-O peak is an accurate predictor of the localized hole concentration. Also shown in Fig. 3 is a line describing the amplitude of the Mn-O FT peak if the JT distortion was completely removed due to delocalization of the charge carriers. An increased bond length causes a reduction of the FT amplitude, because the XAFS amplitude is proportional to 1͞r 2 . In this situation, all Mn-O bond lengths would be equal, and given by a linear interpolation between 1.97 Å (from LaMnO 3 lattice constants) and 1.89 Å (from CaMnO 3 ).
Below T c , the three CMR samples have a much higher amplitude ͑ϳ40%͒ due to partial removal of the JT distortions in the octahedra. Meanwhile, the amplitudes of the other samples still can be described by a linear interpolation of the amplitudes of the end members, with the same slope. Now we use these amplitudes to calculate the number of delocalized holes ͑n dh ͒ in the metallic state that evolve from trapped holes. As a trapped hole becomes delocalized, it will no longer contribute to the Mn-O distortion. If all available holes become conducting, we hypothesize that the amplitude of the peak would be given by the dashed line in Fig. 3(a) . We will call this amplitude A ND ͑x, T ͒ (not distorted), while the full distortion described by the dotted line is defined as A D ͑x, T ͒. The actual amplitude at any given temperature is defined as A͑x, T , M͒, where the magnetization dependence causes the polaron distortions to be removed. We estimate the number of delocalized holes n dh per Mn site to be given by
where x (calcium concentration) gives the maximum number of available holes per Mn site. Since the amplitude of the Mn-O peak is proportional to 1͞s, we can rewrite Eq. (1) using the fit results as
The widths s D and s ND can be written in terms of the thermal contribution s T , and the fully developed polaron contribution s FP :
We model s T by using a fit to the CaMnO 3 data, and define s The key finding of this Letter is the linear relationship between ln͑n dh ͒ from Eq. (2)] and M [from Fig. 1(a) ] shown in Fig. 3(b) . In addition, the rate of change of ln͑n dh ͒ with M͞M 0 is approximately the same for each of the samples. A careful examination of the figure will show that ϳ20% of the available holes are still localized at 50 K in this picture, decreasing slightly with increasing calcium concentration over this concentration range.
Since ln͑r͒~2M [8] , these data suggest that r1 ͞n dh , as one might expect. This proportionality of course also implies that r is directly related to the polaron distortion via Eq. (2).
We must point out that the XAFS measurements were performed in zero applied field, while the magnetization curves [and the ln͑r͒~2M relation] were obtained under an applied field. However, muon-spin relaxation experiments [20] have confirmed the r relation with no applied field, by using the muon precession frequency as a relative measure of the magnetization.
The linear relationship in Fig. 3(b) and the agreement with a similar relationship between r and M [8] [21] . However, the functional relations ln͑n dh ͒~M and ln͑r͒~2M still hold below 150 K. In the model describing Eq. (1), "activated" polarons no longer carry a distortion with them. Hence, they may flow via collective transport. This transport mechanism is very different than polaron-hopping transport, and may therefore explain the continued linear dependences below T ϳ 150 K.
Other transport models may be in agreement with these relationships. One other possible model of the transport is that the localized charges become partially delocalized in the metallic state, and that the distortions are reduced proportionally to the number of Mn sites that a charge strongly overlaps. Although we can construct a simple model describing the mean number of Mn sites that a hole overlaps [similar to Eq. (1)], it is not clear how such a model should a priori relate to r or M.
Of course, a more rigorous description describing the residual width of the Mn-O bond length distribution above that of CaMnO 3 within a DE model with a significant lattice coupling [7] should provide the best description. Calculating the magnitude of such a distortion within these models as a function of M has not been reported, as far as we know.
In conclusion, we have reported XAFS data which directly relate the changes in the distortions of the MnO 6 octahedra to the magnetization. The linear relationship between the Mn-O peak amplitude and the calcium concentration in the paramagnetic state indicates that this amplitude is a measure of the localized hole concentration. By extending this model below T c , we give an expression for the number of delocalized charge carriers n dh in terms of the various measurable contributions to these distortions. This measurement of ln͑n dh ͒~M is in agreement with transport measurements which show ln͑r͒~2M. Although other models may give a similar dependence of the Mn-O distortions to the magnetization, these empirical relationships between the charge, spin, and lattice degrees of freedom underscore the importance of including all these effects in any real theory of these systems. In particular, it should be possible to calculate the distortions as a function of magnetization with a theory which includes DE and polarons [22] .
